Cropping is a cutting process whereby opposing aligned blades create a shearing failure by exerting opposing forces normal to the surfaces of a metal sheet or plate. Building on recent efforts to quantify cropping, this paper formulates a plane strain elastic-plastic model of a plate subject to shearing action by opposing rigid platens. Shear failure at the local level is modeled by a cohesive zone characterized by the peak shear traction and the energy dissipated by shear failure process at the microscopic level. The model reveals the interplay between shear cracking and the extensive plastic shearing accompanying the cutting process. Specifically, it provides insight into the influence of the material's microscopic shear strength and toughness on the total work of cropping. The computational model does not account for deformation of the cropping tool, friction between sliding surfaces and material temperature and rate-dependence.
modeling and accounts for tensile fracture as well as shearing in the cropping process, which in their paper and in some of the earlier literature is referred to as blanking.
Following Atkins, the view adopted in this paper is that cropping is a large scale yielding fracture problem dominated by shear. As in the case of the present authors' earlier work on elastic-plastic crack growth in mode I [6] and mixed mode [7] , the present paper exploits the finite element analysis to deal with large plastic strains. The present paper also makes use of recent developments in modeling fracture under shear dominated conditions. The cropping model developed here imbeds a cohesive shearing zone, which, in a phenomenological manner, represents the microscopic shear localization and fracture processes, within a finite element model that accounts for the geometric distribution of the large plastic shear strains that occur in the cropping process. The model quantifies the interplay between the microscopic shearing failure process and the extensive macroscopic plastic shearing. A systematic study is made of the effects of the microscopic fracture energy and the material stress-strain properties on the cropping force-displacement behavior and the macroscopic cropping energy.
Alternative approaches to studying cropping could be based on analyses that adopt either a critical effective plastic strain as a failure criterion or a constitutive law that incorporates damage and a failure criterion. When carefully calibrated, the critical plastic strain criterion has proved effective in the studies of ballistic plugging of plates by projectiles, e.g., Borvik, et al. [8, 9] and Nahshon, et al [10] . Xue, et al. [11] demonstrated the applicability to ballistic shear-off of the Gurson model [12, 13] of void-based damage and failure, extended to account for damage in shear. A distinct advantage of the cohesive zone model adopted in the present paper is that the microscopic strength and fracture energy are well defined parameters and their role in establishing macroscopic behavior clearly emerges.
An Illustrative Cropping Experiment.
Xue, et al. [11] carried out carefully designed cropping tests on plates of the steel, DH 36, of thickness 3 h mm  . As illustrated in Fig. 1 , the tests provided the response of a hard tool steel cylindrical plunger pushing against a plate clamped tightly outside the plunger radius by a stiff fixture. The nominal shear stress supported by the plate at radius R , / (2 ) P Rh drops precipitously at larger displacements such that the macroscopic work of cropping is directly related to the area under the curve in Fig. 1b . Tests were interrupted at various stages and cross-sections of the sheared-off region were opened to viewing by electrodischarge machining (EDM). In addition to intense plastic shearing throughout the region of shear-off, shear cracks are observed. Examples of shear cracks near the corner of the plunger at / 0.5 h   are seen in Fig. 1d , where is noted that some cracks form slightly offset from the line extending the corner of the plunger.
The radius of the plunger in the Xue, et al. [11] test is sufficiently large compared to the plate thickness, i.e., / 6.3 R h  , such that it is reasonable to assume that the specific cropping work, CROP  , with units work/area cut, would be nearly the same as that measured for a long straight cut. The total work done by the plunger in  is the maximum nominal shear stress and  is a dimensionless numerical factor that depends on the parameters of the system. The specific cropping work (per area cut) is
For the 3mm thick plate of DH 36 in Fig. 1b Slater [14] discussed in [4, 5] .
One of the aims of this paper is to relate the specific macroscopic work of cropping, 
where  is a factor of order unity depending on the initial damage level and the susceptibility of the damage to shearing as modeled here by the coefficient k  . For materials failing by the mechanism of void nucleation, shear distortion and coalescence, the thickness, D , of the shear localization zone before the final coalescence stage is usually on the order of the spacing between the dominant voids. Thus, for many ductile alloys, D is typically measured in tens of microns. Assume this is so for DH 36, and note also that for this material the tensile stress at a log strain extrapolated to unity is 1000 . This comparison suggests that the work of cropping is at least 6 times, and possibly as much at 30 times, the specific microscopic work of shear fracture for DH 36. If this comparison is correct, it suggests that the major part of the work of cropping is due to plastic deformation occurring outside the shear fracture zone. This relation between the microscopic and macroscopic fracture work is similar to that in mode I crack advance in tough ductile alloys where the macroscopic work of fracture far exceeds the microscopic work of fracture due to plastic dissipation occurring outside the fracture process zone [6] . Nevertheless, in Mode I cracking the microscopic work of fracture remains essential in determining the macroscopic toughness, and it will be seen that a similar dependency holds for cropping.
Definition of the Model and Dimensionless Parameters
To set the stage for the computational results presented in subsequent sections, the material and geometric parameters governing the cropping model used in this paper will now be listed and the important dimensionless collections of these parameters will be identified. In this paper, no attempt will be made to account for temperature or rate effects in cropping. The process is modeled as quasi-static and the plate material is taken to be rate-independent, excluding any direct relevance to cropping at high temperatures. Elasticity of the cropping tool is also neglected in this study-the surfaces of the cutting tool are taken to be non-deforming.
As depicted in Figs. 1a and 3b, the thickness of the plate is h and the gap between the surfaces of the cropping tool is d . The band of localized shear and shear fracture will be modeled by a cohesive zone whose primary parameters are the peak shear stress,  , and the specific work of fracture in shear, 0  . Full details of the cohesive zone will be given in the next section, including the maximum shearing displacement across the zone prior to loss of shear strength.
The maximum shearing displacement can be expressed in terms of  and 0  , which are preferred for specifying the cohesive law in the present study.
It is useful to define the following material reference length,
which is can be interpreted as the extent of the plastic zone ahead of a mode II (shear) crack in plane strain small scale yielding when subject to the mode II stress intensity factor 2 0 / (1 )
The only independent material-based length parameter in the present study is S R . It is important to appreciate that S R is not the plastic zone size of a mode II crack with specific microscopic work of fracture 0  -that plastic zone size would generally be much larger, i.e., given by (3) with the specific macroscopic work of mode II fracture, II  , replacing 0  . In earlier work on mode I cracking, Tvergaard and Hutchinson [6] introduced the corresponding length for a tensile crack,
as the specific work expended by the cropping plunger (per area of plate cut) for long straight cuts, two dimensionless forms for the specific cropping work in terms of the parameters identified above will be considered:
where the dependence on  has not been noted explicitly, and
Both normalizations will be used to reveal important aspects of the parametric dependencies.
For example, it will be seen that the dependence on Y  appears mainly through the first two dimensionless parameters in 2 g in (5) and not through the fifth parameter,
The preferred dimensionless relation relating the cropping force per length, F with units 1 2 Nm Jm    , and the displacement of the cropping tool through which it works,  , is 3, , , , ,
By (4), one notes that 
is employed such that the tractions drop to zero at 1   . The tractions are derived from a potential function given by
where ( )   characterizes the traction-separation relation in shear. Use of the potential results in a work of cohesive failure that is the same for all mixed mode separations which is given by (8)
. The normal and tangential components of the traction acting on the cohesive failure plane are given by
In this paper the following piecewise linear traction-separation law is used (see Fig. 3a ): are less important than 0  and  [6, 7] , and this is expected to be true for cropping as well.
The Elastic-plastic Constitutive Behavior and the Finite Element Model. The cropped
material is elastic-plastic, with the elastic modulus and Poisson's ratio, E and  , uniaxial yield stress Y  , and strain hardening exponent N . This material is described by a finite strain generalization of 2 J -flow theory [17] , with the uniaxial true stress-natural strain curve represented by a piecewise power law
A Lagrangian convected coordinate formulation of the field equations is used for the analyses, with a material point identified by the coordinates i x in the reference configuration, accounting for finite strains. 
Here, V and S are the volume and surface of the body in the reference configuration, respectively, I S is the bonded surface cohesive region, and axis. In all but two of the simulations, the gap, d , between the plunger and the cohesive plane is taken to be zero. Full sticking is assumed at both at the plunger and the support so that zero displacement in the 2 x -direction is prescribed at these surfaces. Even though this is a plane strain analysis, the displacements in the 2 x -direction are prescribed to be zero at the lower edge,   is sufficiently small, but becomes pronounced when the value of the normalized peak stress is in the upper range considered in this paper.
Trends in Cropping Force and Work
In this section the results from a selection of simulations will be presented to expose the roles of the parameters identified in Section 2 on the cropping force-displacement behavior and the macroscopic work of cropping. A total of 21 simulations have been carried out. The dimensionless parameters for each simulation are listed in Table 1 (1 )
which is also listed in Table 1 .
Case 1 in Table 1 will be used at the reference case throughout this paper. h R are known for this material, or any other comparable material, and thus the choices for these parameters must be regarded as educated guesses. In addition to the parameters listed in Table 1 , the other parameters which must be specified in the simulation code are taken as: Values of the two dimensionless measures of the specific cropping work are given in Table 1 .
While it is essential to make use of dimensionless parameter combinations for problems such as cropping which have a large number of independent parameters, relations among dimensionless variables often mask connections between dimensional quantities. This is particularly true for the specific work of cropping. Thus, to clearly display the effect of the specific microscopic work of fracture, 0  , on the specific work of cropping, CROP  , normalized variables are used in Fig. 6 having the same 0  . Clearly, the specific microscopic work of fracture has significant influence on the specific macroscopic cropping work, even though 0  is a small fraction of CROP  (c.f., Table 1 ). The quantitative predictions in Fig. 6 back up the earlier modeling of Atkins [1] [2] [3] [4] , who seems to be the first to view cropping as a shear fracture problem and not just a plastic shear-off process.
The curves in Fig. 6 also reveal the effect of plate thickness on the specific cropping work for the reference material. Doubling the thickness decreases CROP  by about 30%, and vice versa.
Recall that both CROP  and 0  are defined as energy per separated area, with units 2 Jm  . Thus, the simulations predict that the total work required to crop a plate of the considered material increases by only a factor of about 1.4 when the thickness of the plate is doubled-much less than the factor of 2 expected if CROP  were independent of thickness. Conversely, cropping a plate of this material with half the thickness only reduces the total cropping work by a factor of about 0.7 rather than ½. This dependency on plate thickness is not at all obvious. However, it follows directly from dimensional arguments that there must be a dependence of CROP  on h if there is a dependence on 0  -as noted above, the only length parameter in the problem that can be used to form a dimensionless parameter involving 0  is h .
The several stages of the cropping process are indicated in Fig. 7 for the reference case.
The entire cropping region undergoes extensive plastic yielding through the thickness of the plate prior to the onset of any crack growth. The fully plastic nature of the cropping process, emphasized in the Introduction, is evident in Fig. 7 where large nonlinear displacements due to plasticity occur prior to any cracking. At the maximum load, the shear cracks emerging from the corners of the platens have grown to a length of approximately / 20 h . With further imposition of the cropping displacement, each zone of shear decohesion extends towards the center of the plane until, at / 0.14 h   , they merge at the center. Prior to this point in the process, significant plastic deformation takes place outside the cohesive zone. However, for / 0.14 h   , the deformation is mainly confined to the cohesive zone, the cracks grow towards each other, and the cropping force drops dramatically until the cracks connect at the center at / 0.16 h   .
There are some differences between the sequence of events occurring in Fig. 7 and those laid out in the early work of Johnson and Slater [14] . These authors argued that at the time there paper was written there was no evidence for shear cracking prior to the maximum punch force, and they suggest that the maximum is a result of shear localization. In their view, cracking first occurs after the maximum load is attained. Specific details such as these will depend on the 
, respectively. This strong dependency is similar to the role that the cohesive tensile strength plays in mode I crack growth resistance in small scale yielding [6] .
The cropping process is dominated by shear both in the cohesive zone and in the surrounding field of plasticity as the strong dependence on  reflects. All but one of the simulations listed in with no gap ( / 0 d h  ), consistent with the notion that cropping is dominated by shearing. Table 1 , for all the other cases, / 1
The Role of Strain Hardening

PS Y
   has been used to indicate there has been no plasticity due to pre-stress.) The cropping force-displacement curves in Fig. 11 reveal that a small pre-stress, / 1.2
   , has essentially no effect on cropping. However, the larger value, / 2 PS Y    , has a noticeable effect on the cropping curve and reduces the specific work of cropping by about 10%. Fig. 4a is used, strong mesh distortion at the edge of the plunger leads to early break down of the computation. Therefore, a specially refined mesh is used around the point where intense straining is induced at the edge of the plunger, as shown in Fig. 12a . This enables the computation to proceed, but the material in the gap rotates significantly, even to the extent that it overlaps the material under the plunger. Consequently, an extra condition is introduced stipulating that the material in the gap cannot penetrate the plunger, as illustrated by the deformed mesh in Fig. 12b . This contact condition is taken to be frictionless sliding.
The Role of the Gap
The normalized force-displacement curves for two gaps sizes, / 0.031 d h  and 0.047, are presented in Fig. 13 along with that for the reference case (Case 1) which has no gap but otherwise identical parameters. A gap has a significant influence resulting in larger plastic deformation accompanying the cropping process. For the smaller of the two gap sizes,
, the cropping work is approximately twice that of the reference case (c.f., Table 1 ).
As indicated by the above discussion, the large plastic strain and extensive rotation accompanying the shear decohesion process is challenging to simulate, especially when a gap is present. More extensive studies accounting for the gap are clearly required. Handbook rules of recommending maximum gap to thickness ratios for cropping and modeling these is part of the challenge ahead. It should also be mentioned that the effect of changing the relative tensile strength in the cohesive zone, ˆ( / ) c c t n      , has not been studied in the presence of a gap when it is more likely to be important [5] .
Concluding Remarks
Cropping falls within the larger field concerned with the mechanics and physics of cutting [18] . The present paper has introduced a model which links macroscopic aspects of cropping, such as the cropping force-displacement behavior and the work of cropping, to properties at the microscopic scale such as the fundamental fracture energy of the material and its shear strength. Predictions based on the model have been presented to reveal trends in this relationship. In the examples presented in the body of the paper, the specific macroscopic work of cropping ranges from 2 to 15 times the specific microscopic work of fracture. Nevertheless, even when the microscopic work of fracture comprises only a small fraction of the total work, it has been shown to play a critical role in establishing the macroscopic behavior. The present cropping study parallels earlier efforts to predict the macroscopic mode I fracture toughness of ductile metal alloys in terms of more fundamental microscopic material properties [6] . In so doing, the present study advances the case made by Atkins [1] [2] [3] [4] that cropping should be viewed as a fracture problem. In the terminology of nonlinear fracture mechanics, cropping is a large scale yielding fracture problem. Cropping presents its own special challenges owing to the large plastic strains that inevitably accompany the process and the fact that shear localization and shear fracture are less well understood in terms of fundamental material mechanisms than the tensile fracture of ductile metals under high stress triaxiality. The challenges are both computational and physical.
As mentioned in connection with the introduction of the reference case, the choices of the peak shear strength and work of fracture characterizing the cohesive zone have not been directly calibrated with experiments. For example, it is possible that the microscopic parameters of the steel, DH36, lie outside the range covered by the simulations in this paper. The fact that the plunger displacement at failure, / 0.5 h  
, for the DH36 test in Fig. 1b is larger than any of the values found in the present simulations suggests this might be the case. The main purpose of the present paper has been to expose trends in the roles of the parameters controlling cropping.
Future efforts will be undertaken to make direct comparisons with cropping experiments.
Finally, it must be re-emphasized that important factors could be added to the present model which have not be taken into account, such as tool deformation, friction, and material temperature and rate-dependence. 
